The impact of treatment with either cranial or craniospinal irradiation with or without cytotoxic chemotherapy for a brain tumour distant from the hypothalamic-pituitary axis was assessed in 29 children who had reached final height. AUl had received growth hormone treatment for radiation induced growth hormone deficiency. Final height, segmental growth during puberty, and duration of puberty were studied.
For a number of years it has been realised that treatment of intracranial malignancy with cranial irradiation of 27 Gy or more to the hypothalamic-pituitary axis resulted in growth hormone deficiency and growth impairment. 1 Children who have received cranial irradiation with a dose in excess of 25 Gy are vulnerable to early puberty, the age of onset of puberty being related to the age at irradiation. 10 The duration of puberty in these patients is unknown, but it has been suggested that in children with idiopathic growth hormone deficiency, treated with growth hormone treatment, puberty is attenuated. 1I The effect of chemotherapy on the growth of children treated for brain tumours has not been studied in detail, but there is a suggestion that chemotherapy affects subsequent growth adversely. 12 The aim of this study was to assess final height in children treated with growth hormone after treatment of a brain tumour distant from the hypothalamic-pituitary axis, and to study the individual impact of the initial treatment modalities, that is, cranial or craniospinal irradiation, and the impact of chemotherapy on subsequent growth. Final height in relation to mid-parental height, segmental growth during puberty, and the duration of puberty were also determined.
Patients and methods

PATIENTS
The patient population consisted of all 47 children who had received at least one year of growth hormone treatment for irradiation induced growth hormone deficiency after treatment of a brain tumour distant from the hypothalamic-pituitary axis at the Christie Hospital, Manchester between 1975 and 1991.
Thirteen children with a histological diagnosis of a locally invasive tumour received a single fractionated course of radiotherapy to the cranium only. The hypothalamic-pituitary axis was within the radical radiotherapy treatment volume. In these children, the median dose of irradiation was 42-5 Gy (range 29-5-47*5 Gy) administered in 16 (range 8-21) fractions over 21 (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) days.
Children with a tumour with the propensity to disseminate throughout the central nervous system received an initial fractionated course of radiotherapy to the tumour site, which in most cases was the posterior fossa. The hypothalamic-pituitary fossa is located at the In all children, growth hormone deficiency (peak growth hormone concentration <20 mU/l (<10 ,ugfl)) was confirmed on provocative testing with arginine stimulation and either insulin induced hypoglycaemia (0-2 U/kg human soluble insulin intravenously to produce a blood glucose nadir of <2-2 mmol/l), or a glucagon stimulation test (15 ,ug/kg, to a maximum of 1 mg).
Before May 1985, children received 5 mg of pituitary derived growth hormone three times a week by intramuscular injection. Thereafter synthetic growth hormone was used, initially at a dose of 4 IU three times a week irrespective of weight. Since 1988 children have received 05 U/kg/week, administered by daily subcutaneous injection. The median duration of growth hormone treatment in the 29 children who have reached final height was 3-7 years (range 1-3-7-5 years). The median age at the start of growth hormone in these children was 11-4 years (range 7-4-160 years).
AUXOLOGY
Anthropometry was carried out every three to four months on wall and Values for the population means and SD are taken from the data of Tanner and Whitehouse. 17 Final height has been defined as that height achieved when measurements over 12 months differ by less than 1 cm.
METHODS
The efficacy of growth hormone was assessed by comparing leg length growth velocity after the first year of treatment with pretreatment leg length growth velocity in all 19 children who remained prepubertal at the end of the first year of growth hormone treatment. In this way the efficacy of growth hormone can be assessed irrespective of the influence of radiation on spinal growth and without the influence of sex steroids.
Twenty nine children (17 boys) have completed their growth and the impact of the different treatment modalities on final height assessed. Final height in relation to midparental height has been assessed in 24 of these 29 children from measured (n=5) or reported (n= 19) parental heights.
In 18 of the 29 in whom onset of puberty data were available, segmental growth (that is changes in sitting height and leg length) during puberty has been studied. Duration of puberty, that is time from the onset of puberty (G2 or B2) to stage G4 or B4 was studied in 26 children in whom these data were available. The impact of the different treatment modalities on length of puberty was assessed. The age at pubertal onset was taken as the mid-age between clinic visits when the child was last noted to be prepubertal (that is G1 or B 1) and the next when he/she was G2 or B2 (mean (SE) interval between Bl and B2 or Gl and G2 clinic visits, 0 37 (0-04) years). Similarly, the age at G4/B4 was taken as the mid-age between clinic visits when the child was G3/B3 and the next when he/she had attained pubertal stage G4/B4 (mean (SE) interval between these clinic visits 0-33 (0.03) years).
The mean (SE) age of onset of spontaneous puberty in 30 of the whole group of 47 children on whom data were available was 10-9 (0-35) years in the boys and 9-9 (0-49) years in the girls. The segmental measurements at the onset of puberty were extrapolated linearly from the differences in measurements at clinic visits before and after the onset of puberty.
Disproportion Age at irradiation (years) Figure 2 Parallel linear regressions offinal height SD score on age at irradiation according to the four treatment groups: cranial irradiation (CI) alone, CIplus chemotherapy (CT), cranial irradiation alone (CSI), and CSI plus CT.
effects of the lag time between irradiation and the start of growth hormone treatment and the age at irradiation. As the lag time was strongly negatively correlated with the age at irradiation and did not contribute additional information, it was omitted from the model.
The duration of puberty was positively skewed in the 26 children studied, therefore the data were log transformed and analysis of variance (two factor ANOVA) was used to assess the impact of the treatment modalities.
Results
GROWTH AFTER START OF GROWTH HORMONE
In all cases there was an increase in leg length velocity after the start of growth hormone treatment (fig 1) . In all except one case the leg length velocity after one year of growth hormone treatment was at least 1 cm greater than the pretreatment velocity. The mean (SE) pretreatment leg length velocity was 2-0 (0-3) cm/year and after treatment 4-3 cm/year (SE 0.28).
FINAL HEIGHT
Both craniospinal irradiation and the use of cytotoxic chemotherapy resulted in a significant and equal reduction in final height in children treated with growth hormone for radiation induced growth hormone deficiency. The effect on final height in those children who received both craniospinal irradiation and chemotherapy was additive, there being no interaction of irradiation and chemotherapy.
The degree of height loss was related to the age at irradiation, and may be a product of the longer lag time in the younger children before the start of growth hormone treatment.
The parallel linear regressions of final height years of age) was above the mid-parental height at final height. All others were short for mid-parental height. This deficit was similar in those who had received either cranial irradiation and chemotherapy or craniospinal irradiation alone, and was most marked in the children who had received both craniospinal irradiation and chemotherapy. The mid-parental height was similar in all four groups.
SEGMENTAL GROWTH DURING PUBERTY
Sitting height The use of chemotherapy has no apparent detrimental effect on sitting height during pubertal growth. There was a positive correlation between age at irradiation and change in sitting height SD score during puberty in those children who had received craniospinal irradiation, the youngest at irradiation having the greatest reduction in sitting height. As might be expected, cranial irradiation alone did not influence sitting height during puberty.
Leg length
There was no significant change in leg length SD score during puberty in any of the four treatment groups, that is leg length centile position is maintained by the use of growth hormone. Table 3 shows the patient numbers, mean, and SD for the length of puberty in each of the four treatment groups as well as the whole population. The numbers in the different groups were small but the different treatment modalities appeared not to affect duration of puberty. The mean length of puberty from G2-G4/B2-B4 in the whole population (1-97 years) is not significantly different from the duration of puberty in normal children (mean 1-8 years in girls and 1X93 years in boys). ' 8 This finding is emphasised in the present report.
Duration ofpuberty
The earlier studies did not discuss their results in the context of target genetic height, thereby making it difficult to interpret the magnitude of the growth loss.8 Our study on larger numbers ofpatients, and confined only to those children with brain tumours, has analysed for the first time the impact of different components of the initial tumour management on final height. In particular we have assessed the impact chemotherapy has on growth. There are no published data on the influence of chemotherapy on final height. Cytotoxic drugs may impair the production of insulin-like growth factor-1 (IGF-1) Final height is correlated with the age at irradiation, the youngest at irradiation having the worst growth prognosis. As the age at irradiation is inversely correlated with the lag time from irradiation to the start of growth hormone treatment, it may be the latter that is influencing final height. Our treatmnent criteria have evolved over the years such that all children, irrespective of age, will now be considered for growth hormone treatment if growth hormone deficient two years from diagnosis and radiotherapy. Few of these children thus treated have reached final height so it is not yet possible to analyse the impact of this earlier therapeutic intervention.
Despite the small numbers, it appears there is no effect of chemotherapy either alone or synergistically with cranial irradiation on skeletal proportion at final height (table 4) . Those who received craniospinal irradiation were significantly disproportionate but the use of chemotherapy did not exaggerate this disproportion (table 4). The effect of spinal irradiation on spinal growth is not unexpected. Sporadic reports of the effect of irradiation on the growing bones of children have appeared since 1930 with resultant poor growth, underdevelopment, and, when the spine has been irradiated, scoliosis in the affected bone.
Probert et al reported that 10 of 22 children who had received craniospinal irradiation under the age of 15 years had sitting heights greater than 2 SD below the mean. 25 They suggested that the most vulnerable time for radiation damage to the growing spine was under the age of 6 years and at the time of puberty. The former finding was confirmed by Shalet et al, but they disagreed that spinal irradiation during puberty was particularly likely to impair growth.26 A conservative estimate of the loss in final height is 9 cm when spinal irradiation is given at 1 year, 7 cm when given at 5 years, and 5*5 cm when given at 10 years. 26 Clayton and Shalet have shown that spinal growth after irradiation was only modestly restricted in the prepubertal child, but that during puberty, a time when spinal growth is normally a dominant feature of total growth, spinal growth is particularly impaired, resulting in exaggeration of disproportion.27 The children irradiated peripubertally had a similar pubertal loss in spinal height to that incurred by the children irradiated prepubertally. The use of growth hormone in conventional doses does not overcome this radiation induced skeletal dysplasia but it has been suggested that higher doses may do so.28 However, the use of 'supraphysiological' doses of growth hormone should be viewed with caution because of its mitogenic potential,29 particularly in this population of children treated for cancer.
Darendeliler et al retrospectively studied the pubertal maturation of children with isolated growth hormone deficiency treated with exogenous growth hormone and found that although the onset of puberty was significantly delayed, the duration of puberty between the recording of breast or genitalia stages 2 and 4 was shortened to 1-5 years in both boys and girls.11 It was suggested that the synergistic effects of endogenous gonadotrophins and exogenous growth hormone shortens the pubertal process. It has been shown, however, that normal children who enter puberty late have both an attenuated peak growth velocity and duration of puberty.30 Therefore it may be that the duration of puberty in these children with idiopathic growth hormone deficiency, rather than being shorter than that seen in normal children, is appropriate for age of pubertal onset. In our population of radiation induced growth hormone deficient children, the duration of puberty in the whole population (1-97 years) was not significantly different from the duration of puberty in Tanner's series of normal children (mean 1 8 years in girls and 1-93 years in boys).13 14 Compared more appropriately, however, with children who enter puberty early and have a compensatory extended duration of puberty,30 children with radiation induced early puberty may have a relatively attenuated duration of puberty. There was no significant difference in pubertal duration between the four treatment groups, although the numbers in several of the groups were small. This implies that even after the use of gonadotoxic chemotherapy, pubertal development progresses normally. It has been demonstrated that the bone age at the onset of puberty in these children is abnormally early.10 Hence bone age should not be used as a predictor of duration of remaining growth potential, as these children progress through bone age maturation abnormally rapidly. It is not yet known if the use of gonadotrophin releasing hormone agonist analogues to halt pubertal progression will improve the final height prognosis in this population.
In conclusion, growth hormone increases growth velocity in children with radiation induced growth hormone deficiency but these children fail to reach their mid-parental height. The use of spinal irradiation and chemotherapy in the original treatment of brain tumours has a marked effect on growth which is not overcome with the use of growth hormone treatment in current doses. Early puberty with a normal duration contributes to poor growth.
